Aiming at maintenance management of distribution network，this paper proposes a new maintenance technology based on risk assessment. It includes the procedure of risk assessment and the method of decision-making. The basic technical framework，which applies RBM to the maintenance management of distribution network is established. In the risk decision-making, the maintenance cost and maintenance profit concepts are introduced. With the help of risk assessment theory and interval analysis， the proposed technology is much more economical and operable. Application of the technology in an actual distribution network shows that it can evaluate the risk of equipment comprehensively and make decision-making quick and effective. Therefore，the technology proposed has good application prospect.
Introduction
As asset-intensive companies, electric power companies give much attention to maintenance management. The conventional time-based maintenance leads to serious waste of maintenance resources, therefore, people are always seeking for a more scientific and economic maintenance method.
In recent years, condition-based maintenance is introduced into electric power companies [1] [2] , but its decision-making is mainly based on equipment self-condition, without considering the impact of equipment on the whole system. Literature [3] [4] introduce RCM (Reliability Centered Maintenance) into electric equipment maintenance. Literature [5] [6] [7] consider both two factors: "equipment condition", and "importance of equipment to system", then use RCM for the maintenance of high-voltage breakers. However, the above methods have a common shortage: they don't solve the problem of quantification, which would bring them big limitations when used in practice.
RBM (Risk Based Maintenance), as the next generation of RCM, is the trend of modern maintenance management. Till now, RBM has been successfully applied in refineries, chemical plants, petrochemical plants and other large enterprises [8] [9] [10] . RBM can reduce the maintenance cost by 15%-40% [9] . However, RBM has few application in electric power companies in China, and the complete technical framework hasn't been established yet.
This paper proposes the new Risk Assessment Based Technology for distribution network, and establishes the basic technical framework which applies RBM into power system maintenance. The new technology not only makes maintenance decision-making more scientific and economic, but also makes it more operative in practice.
Risk Assessment and Risk Based Maintenance -RBM
Risk is an integrated measure of uncertainty and loss. Simply speaking, risk is the product of accident probability and its consequence. Risk exists in power system all the time. Risk assessment was first introduced into power system as "operation risk assessment" which was proposed by Vittal in 1997 [11] .
With the development of electricity market, risk theory will be applied in various areas in power system. The management and control based on risk theory is the trend in future.
According to the common procedure proposed by Khan, Haddara in 2003 [10] , Risk Based Maintenance -RBM includes following key steps, which are also shown in Fig. 1 
Risk Assessment of Equipments
After in-depth study of equipment failure consequences, we divide the equipment failure risk into two parts: equipment self risk and equipment system risk.
The introduction of interval analysis
Due to the limitation of data acquisition and the uncertainty of model parameters, we can't get the precise value for many parameters. For this reason, we introduce interval analysis in our method.
Interval number can be simply defined as follows:
be the interval on the real number axis, where a , a are real numbers, then we say that a is an interval number ; in particular, if a = a , then a degenerates into a real number. After the introduction of interval analysis, the probability of equipment failure, loss of failure, and the risk of equipment all become interval numbers.
Equipment self risk
Equipment self risk evaluates two kinds of losses, one is self-damage caused by equipment failure, which includes equipment replacement and repair cost; the other is personal and environmental loss caused by equipment failure. Equipment self risk can be calculated as follows:
(1) Self-damage risk We usually use the cost of maintenance to quantify selfdamage risk, which is determined by the type of equipment, the voltage level and the severity of failure.
We define the maintenance level M L . It describes the severity of failure. M L falls into three values-A,B and C.
They represent three maintenance levels from high to low. The choice of M L is determined by the analysis of equipment conditions. Take transformers and lines for example, according to the maintenance statistical data, the cost for different maintenance levels are shown in Table 1 . (2) Personal and environmental risk How to quantify personal loss with economic index is a complex problem. According to relevant standards in China, we define P L as the level of personal loss. It describes the severity of personal loss. P L falls into four values-A, B, C and D. They represent four severity levels from high to low. Some equipment failure, for example the leak of transformer oil or SF 6 gas, may cause environmental pollution. How to precisely quantify the environmental loss is also a complex problem.
We define E L as the level of environmental loss. It describes the severity of environmental loss. E L falls into four values -A, B,C and D. They represent four severity levels from high to low. The value of P L and E L would be determined by the analysis of equipment conditions. According to relevant standards, personal and environmental loss for different levels are shown in Table 2 .
Equipment system risk
Equipment system risk evaluates two kinds of losses, one is system security loss caused by equipment failure; the other is the loss of customers caused by power failure. Equipment system risk can be calculated as follows:
(1) System security risk System security risk evaluates the added severity of system caused by equipment failure. The system security loss is hard to analyze and calculate. We studied the research results in literature [12] , and then proposed a complete method to evaluate the system security loss.
For distribution network, we analyze the system security risk from two aspects, which are overload and voltage outof-limit.
The algorithms for the calculation of severity are as follows:
1) Severity for overload We define the overload rate PR, which is the rate of actual load and load limit. The severity function for overload is shown in Fig. 2 . 2) Severity for voltage out-of-limit
We define the voltage out-of-limit rate VR, which is the rate of actual voltage and rated voltage. According to relevant standard, the severity function for voltage out-of-limit is shown in Fig. 3 . System security risk can be calculated as follows: (2) Social risk Social risk evaluates the loss of customers caused by power failure. How to accurately evaluate the social loss is a difficult problem. We first studied the existing research results, and then choose a method which is based on the ratio of output value to unit electric energy consumption.
Social risk can be calculated as follows:
) ( In the calculation of system security risk and social risk, the outage time of equipment is both needed. According to the maintenance statistical data, the outage time of equipment for different levels are shown in Table 3 .
Maintenance Decision-making
In maintenance decision-making, we just focus on two issues: whether equipment repair is needed and which equipment should be repaired first.
Whether the repair is needed
Whether the repair is needed is determined by the current condition of equipment. When the equipment condition is good, we don't need to repair it, otherwise, repair is needed.
The probability of failure is an index reflecting the equipment current condition, so we use it to determine whether the repair is needed.
Probability of equipment failure is calculated from a few condition indexes and statistical data, which depends on some complex algorithm. We will not discuss these algorithms in this paper.
We set two criterions for the probability of failure. Suppose the probability is p , and the two criterions are 
Which should be first repaired
Which equipment should be repaired first is determined by the profit of maintenance. In our research, we define the concepts of maintenance cost, maintenance profit and maintenance profit rate.
(1) Maintenance cost
The maintenance cost consists of two parts: one is the repairing expenses, the other is the system risk caused by equipment outage. The algorithm for system risk is same as above, but the system risk of maintenance is much smaller than which of equipment failure.
Maintenance cost can be calculated as follows:
Where t C cos is the maintenance cost, repair C is the repairing expenses, system C is the system risk caused by equipment outage.
(2) Maintenance profit The maintenance profit is the reduction of equipment failure risk. The change of equipment failure probability before and after maintenance is shown in Fig.4 , in which maintenance occurred in time i t . We define the concept of equipment repairing factor as follows: Thus maintenance profit can be calculated as follows:
Where before R , after R are the equipment failure risk before and after maintenance.
(3) Maintenance profit rate Based on above analysis, maintenance profit rate can be calculated as follows: 
Case Study

Basic information
To illustrate the proposed method in this paper, an actual distribution network is used in the case. There are eleven line sections and nine distribution transformers in the example grid. When equipment out of service, part of the power load can be transferred.
Network diagram of the distribution network is shown in Fig. 5 .
In our case study, only transformers and lines are analyzed. We suppose that the company can only choose two equipments to overhaul, and four equipments in minor repairs in the coming maintenance period.
Equipment risk assessment
Using the proposed method, we can get the equipment risk. From the results we find that the differences between failure probabilities of the considered equipments are small, but differences between risks are big. That's because risk contains not only the information of failure probability, but also the importance of the equipment. We also find that lines L8, L9 and transformer T8 have larger system risk than other equipments, that's because the three equipments have higher load level, which make them more important for the whole system. We can determine which equipments need overhauling or minor repairs. The results are shown in Table 4 . Calculating maintenance profit and profit rate of the above equipments, we get the results shown in Table 5 . Ranking the maintenance profits and profit rates of above equipments, we get the final maintenance plan shown in Table 6 . From the process and results of decision-making we can see that:
Maintenance decision-making
1) Electric companies usually choose the equipment with the worst condition to repair first, which is not economic optimal in the view of risk. Risk assessment can help the decision-maker evaluate the importance of equipments, which can achieve the most maintenance profit. 2) The quantitative risk index makes the maintenance decision-making much easier, which is a significant advantage of our technology. Compared with RCM (Reliability Centered Maintenance), which has complex procedures, the risk assessment based maintenance is more operative in practice.
Conclusion
This paper proposed a complete procedure of risk assessment for electric equipments in distribution network, and a new decision-making way based on equipment risk. The basic technical framework which applies RBM into maintenance management of distribution network is established. The new technology not only makes the decision-making more scientific and economic, but also makes it more operative in practice.
